Three high-power excimer laser systems with apertures of 25 and 40 cm of the output laser beam are described. The first and second laser systems consist of four and five excimer lasers, respectively. Third system consists of Ti:Sa front end and XeF(C-A) amplifier. The experimental results of the generation of the high-quality and high-power laser pulses are presented. Laser beams with pulse energy of up to 330 J (308 nm, 250 ns) and peak power 14 TW (450 nm, 50 fs) were obtained.
Introduction
Laser systems on the noble-gas halides are the most powerful and effective sources of the coherent radiation in the UV spectral range. Nowadays, these systems serve as a unique means for solving fundamental and applied problems (e.g., inertial nuclear fusion, the physics of the interaction of the superintense radiation with matter, the generation of the x-ray radiation, the acceleration of particles in the presence of superstrong electromagnetic field, etc.).
Nike (United States) is the most powerful excimer laser system, generating radiation pulses with energy of up to 5 kJ at a pulse duration of 240 ns on full width half maximum (FWHM) and a wavelength of 248 nm [1] . The aperture of the output amplifier of this system is 60 × 60 cm. The system was created and applied to solve the problem of laser thermonuclear fusion. It is used in the experiments on the generation of high-power nanosecond pulses and their interaction with a target. The second largest excimer laser system (Super-Ashura) was created in Japan [2] . The aperture size of the output amplifier is 61 cm. This system generates radiation pulses with an energy of up to 3.7 kJ (KrF molecule) at a pulse duration of about 240 ns. The Super-Ashura system is used for experiments on the generation of high-power nanosecond and picosecond pulses and the interaction of these pulses with matter. The Titania laser system, created in England, employs KrF molecules and generates pulses with an energy of about 1 kJ and a pulse duration of about 150 ns [3] . The aperture size of the output amplifier is 42 cm. This system is used for experiments on the generation of high-power picosecond and femtosecond pulses and their interaction with matter.
Russian institutions also develop and create the powerful excimer lasers and laser systems [4] [5] [6] [7] [8] [9] [10] [11] [12] . In particular, a KrF laser system with a Garpun output unit (Institute of Physics, Russian Academy of Sciences) has an output aperture with a size of 16 × 18 cm and one generates radiation pulses with energy of 80 J and pulse duration of 100 ns [12] .
The excimer lasers developed at the High-Current Electronics Institute (HCEI), Siberian Division, Russian Academy of Sciences, generate pulses with an energy of greater than 100 J [4] [5] [6] [8] [9] [10] [11] . The two most powerful XeCl lasers (308 nm) with apertures of 40 [8] and 60 cm [9] [10] [11] generate pulses with energies of 660 J and 1.9 kJ and pulse durations of about 350 and 250 ns, respectively.
At the end of the nineteenth century, the hybrid approach to femtosecond pulse amplification was developed. To amplify femtosecond pulses, the rare-gas-halide excimer media excited by a high-voltage discharge or an electron beam were used. In these media, the laser transitions between the excited B-state and ground weakly bound or weakly repulsive X-state of ArF, XeCl, XeF, or KrF excimer molecules were used [13] . However, B-X transitions have rather narrow gain bandwidths (broadest bandwidth of Δλ ≈ 2 nm) and rather small saturation fluence (ε sat ≈ 1 mJ/cm 2 ). To realize high-output peak powers, (more than 1 TW) large apertures are required. Furthermore, a high gain of the amplifiers limits the temporal contrast of output radiation at the level of 10 2 -10 3 [14] . The highest peak power of output radiation reached in traditional rare-gas-halide excimer amplifiers does not exceed ~ 4 TW [15] .
А photodissociative-driven XeF(С-А) medium has a wide amplification band (~ 60 nm) in 475 nm range and a high saturation fluence of ~ 0.05 J/cm 2 unlike the traditional excimer molecules on the B-X transition [16] . At present, the development of ultra-high-power laser systems with a pulse duration of 10-100 fs is based mainly on near-infrared solid-state Ti:sapphire or parametric amplifiers. In these systems, positively chirped pulses, i.e., stretched in time (up to 0.5-1 ns) by linear frequency modulation [17] , are amplified, and following its temporal recompression, the initial duration is realized. A pulse stretching allows avoiding nonlinear effects related to self-focusing. The pulses are normally stretched ~10 4 times, and for pulse recompression, a vacuum compressor based on diffraction gold-coated gratings is used.
simpler and more efficient methods. The compression of negatively chirped pulses can be realized in bulk glass with positive group velocity dispersion. In addition, the hybrid laser system operates in the visible spectral range, which may be advantageous in some applications to strong-field laser-matter interaction [28] . The gaseous nature of the active medium also allows easy scaling of hybrid laser systems. At the Institute of High Current Electronics (HCEI) SB RAS, the multiterawatt hybrid laser system THL-100 based on a photochemicaldriven XeF(C-A) boosting amplifier with a 24 cm aperture was developed.
In this work, we describe three high-power excimer laser systems developed at HCEI and based on wide-aperture lasers with the output laser beam sizes 25 × 25 cm [6] , 40 cm (diameter) [8] , and 25 cm [29, 30] , respectively. The experimental results obtained on these systems are presented.
MELS-4 k laser system

Experimental method and equipment
The MELS-4 k laser system consists of the master complex, preamplifier, and a UFL-100 M amplifier [7] . The master complex contains two electric-discharge XeCl lasers. One of them serves as the master oscillator. The combination of the two lasers makes it possible to vary the parameters of the output radiation. In particular, for single-pass lasing, the radiation energy is E = 15 mJ, the spectral line half width is Δν = 0.01 cm −1 , and the pulse FWHM is 50 ns. In the case of injection locking, the parameters of the output beam are E = 100 mJ, Δν = 0.01 cm −1 , and τ = 100 ns, while more than 50% of the radiation energy is concentrated inside the diffraction angle [31] . In the case of double-pass lasing with the phase conjugation, the parameters are E = 50 mJ, Δν = 0.01-0.4 cm −1 , and τ = 30 ns, and the divergence is close to the diffractionlimited Q d [32] . When the pulse is compressed to a pulse duration of 1-2 ns upon stimulated Brillouin scattering, the parameters are E = 10 mJ, Δν = 0.01 cm −1 , and Q d [33] .
The preamplifier represents an electric-discharge lase with an active volume of 6x11x80 cm 3 ( Figure 1 ). This laser consists of a metal housing that contains the dielectric laser chamber, capacitors with a total capacitance of 368 nF that are directly connected to the electrodes, and the x-ray source. A discharge gap and a storage capacitor (0.4 μF) are placed outside. The laser mixture Ne/Xe/HCl = 1000/10/1 is photo-ionized at a pressure of 2-4 atm. The storage capacitor is connected to the discharge gap, and 300 ns prior to the moment when the voltage across the electrodes reaches the maximum value, the x-ray source is switched on. The radiation of this source initiates the discharge. The x-ray radiation is injected through a stainless steel grid with a geometrical transparency of 50%. The doze inside the laser chamber is about 25 mR. The laser energy amounts to 6-10 J at a pulse duration of τ = 80-160 ns.
The active volume of the main amplifier is 25 × 25 × 100 cm 3 . The gas is excited by two electron beams [6] . The electron accelerators are placed at the top and bottom of the laser chamber, which has an internal volume of 360 l. In each accelerator, the vacuum diode and the high-voltage generator are placed in a single metal housing. The cathode of the vacuum diode is directly fixed on the last stage of the high-voltage generator. The maximum energy of the laser with a plane-parallel cavity is 210 J, and the pulse duration is τ = 250 ns. In the amplification mode, the windows of the laser chamber are tilted at an angle of 10 0 relatively to the optical axis.
To start the master complex and to lock it to the amplifiers, we employ a high-voltage pulsed oscillator. The switch on time of the master oscillator and the amplifier is controlled using the cable and artificial delay lines. When the radiation is amplified in the laser system, the following condition is satisfied: the maximum intensity of the input pulse coincides with the pump power maximum in each of the amplifiers.
To determine the wave-front distortions of the amplified beam on the optical elements, we calculate the optical path taking into account the positions of the elements and the surface finish. For the optical elements with a diameter of up to 100 mm, the wave-front distortion of the laser beam is no greater than λ/4. For a diameter D of greater than 100 mm, the distortion is no greater than λ (wave length).
To find the energy parameters of the radiation, we numerically simulate the amplification modes. For this purpose, we employ the one-dimensional model developed at HCEI based on the system of nonstationary equations for the concentrations of the excimer molecules and the photon fluxes [7] .
Calculated parameters of the amplified radiation
The short spontaneous lifetime (10-14 ns) of the upper laser level of excimer molecules and a high small signal gain g 0 (0.05-0.1 cm −1 ) lead to a relatively high level of amplified spontaneous emission (ASE). The purpose of the calculations is to predict the output parameters of the laser system with allowance for the ASE in the optical schemes.
The output characteristics of the radiation are calculated for the preamplifier and the main amplifier where the ASE effect is maximal. All of the intensity distributions are presented for a time-constant pump power. Figure 2 demonstrates the radiation intensity distribution with respect to the length of the preamplifier active medium for various intensities of the input , where α is absorption coefficient, τ ef is the efficient life time of XeCl* molecule, and σ is the stimulated emission cross section The spontaneous lifetime of the XeCl* molecules is τ s = 14 ns. Based on the results of the calculations and the input pulse duration, we may conclude that an input energy of about 10 mJ is sufficient for the saturation of the amplifier at two passes. In this case, the intensity of the amplified signal as about 2I s (I s is the saturation intensity). For input signals with an intensity of no less than 100 kW/cm 2 , it is expedient to employ single-pass amplification. In general, the ASE effect is weak provided that the input intensity is more than 2 kW/cm 2 at the given parameters and sizes of the active medium.
For the main amplifier with a lower pump power, the parameters of the active medium are as follows: g 0 = 0.065 cm , and τ s = 14 ns [7] . Figure 3 demonstrates the intensity distributions of the amplified radiation and ASE for the single-pass (a) and double-pass (b) configurations. It is seen that the ASE effect is significantly stronger than the effect in the preamplifier in spite of the comparable values of the product gL, where L is active medium length and g is the gain coefficient. For example, at a kilowatt level of the input signal, the ASE intensity at the output of the main preamplifier is close to the intensity of the amplified radiation, so that the latter cannot effectively make use of the population inversion. Note that the one-dimensional model slightly overestimates the signal-to-noise ratio (especially in the case of double-pass amplification). Therefore, the real ASE effect should be even stronger. Thus, the minimum intensity of the input signal of the main amplifier should be about 10 kW/cm 2 . At a pulse duration of 80 ns, the corresponding energy density is about 1 mJ/cm 2 . In this case, preference should be given to the double-pass configuration with regard to the energy of the amplified radiation.
In the calculations, we employ the nonstationary model and, therefore, observe the shape of the desired signal and the ASE pulse shape [7] . The pulses at the input and output of the active medium may substantially differ from each other. This difference depends on the difference between the radiation and pump pulse shapes, on the steepness of the pulse edges and the length of the active medium. High Power Laser Systems 6
Experimental results
The experiments on the amplification of radiation in the laser systems are performed at a pulse duration of τ 0.5 = 80 ns. The purpose of the experiments is to measure the energy characteristics of the amplifiers and to determine the wave-front distortions in the optical path. Figure 4 shows the experimental optical scheme. In the case under consideration, the amplified beam diverges owing to the presence of the negative lens 5. This makes it possible, on the one hand, to increase the output energy of the first stage and, on the other hand, to relatively easily match the apertures of the electric-discharge amplifiers. To match the beam size with the aperture of the output amplifier, we additionally employ telescope 6, which also provides for the spatial filtering of the radiation. Table 1 demonstrates the measured output radiation energies and divergences for each of the amplification stages. Here, A is the beam size at the amplifier output; E in and E out are the input and output energies, respectively; and E d is the energy inside the angle Q d . The larger beam size in the preamplifier and amplifier corresponds to the presence of the telescope. The difference between the output and input energies of the stages is related to the loss at the turning mirrors and the loss resulting from the aperture matching. Table 1 that the radiation divergence at the output of the first stage is close to the diffraction-limited divergence. Nevertheless, a worsening of the discharge homogeneity or an increase in the diameter of the beam amplified in it leads to a decrease in the energy concentrated inside the angle Q d to a level of no greater than 50%. Using single-pass amplification in the passive part of the active medium of the first stage, we additionally increase the output energy of the master oscillator by a factor of about 20.
It is seen from
For the second stage, an input energy of 3 mJ is sufficient for the saturation of the amplifier active medium at two passes. A minor increase in the divergence after the second amplification stage in comparison to the divergence after the first stage is related to the presence of the ASE. The active medium of the preamplifier does not contribute to the observed increase in the divergence that is related to the distortions in the remaining part of the optical path (air and optical elements).
The atmospheric turbulent flows impede the measurements of the divergence at the output of the main amplifier. In particular, the position and structure of the focal spot are unstable when the radiation of the master oscillator passes through the optical system in the absence of amplification. The instability strongly depends on the presence of heat sources in the vicinity of the optical path and on the time interval after the operation of the amplifiers. This is the reason for the approximate value of the ratio E d /E out for a beam size of 10 × 12 cm. We may state that, in this case, nearly 50% of the energy is concentrated in an angle of 5 × 10 −5 rad. This result is in agreement with the results of the alternative measurements in which the output radiation is focused by a lens with F = 1.5 m on the titanium foil with a thickness of 50 μm: a hole diameter of 100 μm corresponds to a divergence of about 6.5 × 10 −5 rad.
To more thoroughly study the effect of the heterogeneities in the active medium of the main amplifier and the optical path, we amplify the radiation of the master oscillator at three beam diameters: 35, 75, and 150 mm, respectively. Figure 5 demonstrates the intensity distributions of the original radiation (the amplifier is switched off) and the amplified radiation measured in the far-field region. The first three panels correspond to the single-pass amplification in the active medium. It is seen that, for beam diameters of 35 and 75 mm, the divergence of the original and amplified radiation is close to the diffraction-limited divergence Q d . At a beam diameter of 150 mm, the focal spot is broken into a few spots, so that the divergence is significantly higher than Q d .
The most probable reason for this lies in the fluctuations of the air density in the optical path, since, in the case under consideration, the distance between lens 5 and the focal spot is about 25 m. We change the optical scheme to decrease the possible effect of air. In the new scheme, the amplified radiation is expanded with a telescope in front of the amplifier, amplified, reflected by the mirror, amplified on the return pass, compressed by the same telescope, and detected. For detection, the reflection mirror was slightly misaligned relative to the optical axis Figure 5d and e shows the densitograms of the focal spots for the new scheme.
It is seen that the focal spot remains unbroken even at a beam diameter of 150 mm. The calculations show that a certain broadening in comparison to the diffraction size is related to the spherical aberration in the telescope.
In the measurements of the densitograms, the time interval between the amplifier activations is no less than 30 min. At shorter pauses, the divergence of the original radiation increases even for a beam diameter of 35 mm (Figure 5a) . Nevertheless, the distortions are not observed when the radiation of the master laser enters the working medium of the amplifier immediately after the termination of the pump pulse.
Laser system with an output aperture of 40 cm
The laser system consists of five excimer lasers (Photon-1-Photon-5), the synchronization and starting system, and the matching optical elements. In three lasers, the working mixture is excited by an electric discharge. In two lasers, electron-beam excitation is used. In the experiments, the parameters of the laser radiation are measured using conventional methods and devices. To measure the time and energy characteristics of the laser pulses, we employ an FEK-22 vacuum photodiode, TPI and IKT-2 N calorimeters, and an OPHIR calorimeter with an L30A-EX head. The signals are detected with Tektronix oscilloscopes. Figure 6 shows the exterior view of the first laser (Photon-1) [34] . The electrodes of the discharge gap are mounted inside the steel discharge chamber of the laser, which has a diameter with an insulator. The elements of the system for the laser excitation are placed on the insulator surface and are covered with a metal housing.
Discharge lasers
For the excitation, we employ an electric circuit with inductive energy storage and a semiconductor current breaker [35] . In this circuit, the high-voltage pulse with a short leading edge that is needed for discharge ignition is formed with a peaking capacitor C = 3.2 nF that is charged by the inductive energy storage with 12 SOS diodes [36] . The discharge preionization is realized upon the charging of the peaking capacitors owing to the radiation of 90 spark gaps that are uniformly distributed on the two sides of the anode. The main energy is deposited to the active medium at a low optimal voltage supplied by the storage capacitor (550 nF) that consists of K15-10 ceramic capacitors. The laser cavity consists of dielectric mirrors with reflectances of 98% and 7%. For the mixture Ne:Xe:HCl = 1520:10:1 with a pressure of 2 atm, the maximum laser energy is higher than 1.5 J at a pulse duration of 300 ns (FWHM) and a total efficiency of 1.35%. The low efficiency was due to the low content of HCl in the mixture, which was necessary to ignite the bulk discharge with large duration (~ 500 ns).
The two remaining electric-discharge lasers (Photon-2 and Photon-3) [37, 38] are virtually identical with respect to the design and the pumping scheme. Figure 7 demonstrates the exterior view of Photon-3. Each of these lasers consists of three units that contain the gas-discharge chamber with the pump generator and electric and pneumatic control panels. The chamber contains the vacuum diode of the soft x-ray source, the electrodes of the laser discharge gap, and the insulator of the high-voltage input. The electrodes are made of stainless steel. For the Photon-2 (Photon-3) laser, the interelectrode distance is 5.4 (9) cm and the electrode length High Power Laser Systemsis 80 (100) cm. The x-ray radiation is transmitted to the discharge gap through the electrode window, which is covered with 80-μm-thick titanium foil. The anode of the discharge gap is connected to the pump generator located outside the chamber via an insulator with metal studs. The design of the elements that connect the generator to the anode and the backward wire-ways provides for the minimum inductance of the discharge circuit.
The vacuum diode of the x-ray source has a cylindrical housing that accommodates the anode and the cold cathode working upon explosive electron emission. The emission surface of the cathode consists of strips of foil-clad fiberglass plastic. The strips are attached to a separating grid that is covered with a 40-μm-thick titanium foil for the sealing of the vacuum diode and is used for the out coupling of the x-ray radiation. A tantalum foil serves as the anode of the vacuum diode. The vacuum diode is evacuated with an oil-diffusion pump to a residual pressure of about 10 −4 torr. The storage capacitor, the switching unit, and the peaking capacitor are the main elements of the laser pump generator. The storage capacitor C L consists of two (Photon-2) or three (Photon-3) FL-300 lines connected in parallel. The electric length of the line is 300 ns, its capacitance is 150 nF, and the impedance is 1 Ω. The pulsed charging of the line employs an IK-100 capacitor that is connected to the line with a KVI-120 cable. This capacitor can be charged to a voltage of 40-65 kV. The peaking capacitors C 2 = 4.9 (Photon-2) and 6.9 nF (Photon-3) that form the space discharge in the gap represent the batteries of KVI-3 ceramic capacitors (20 kV and 680 pF). High
A rail-gap switch exhibits a low inductance. Its electrodes are made of stainless steel. For the Photon-2 (Photon-3) laser, the electrode length is 80 (100) cm and the interelectrode distance is 4 (6) mm. A starting electrode made up of foil leaves is located in the vicinity of the cathode along its entire length. The gaps are activated when a high-voltage pulse is fed to the starting electrode. The gap case represents a dielectric tube with an outer diameter of 65 mm. In the working mode, the gaps are filled with dry air at a pressure of 4-6.6 atm.
The high-voltage pulse needed for the activation of the spark gaps is produced by a high-voltage impulse generator based on a TGI-1-1000/25 thyratron. The artificial delay lines of the synchronization system provide for a sequential switching on of the pump generator and the x-ray source.
Plane-parallel plates made of fused quartz serve as the windows of the laser chamber. In the lasing mode, the laser cavity is formed by the external dielectric mirror with a reflectance of 98% at a wavelength of 308 nm and the window of the laser chamber. The laser mixture has a pressure of 3.5-4 atm and consists of the gases Ne, Xe, and HCl.
The free-running Photon-2 and Photon-3 lasers generate pulses with a duration of 250-300 ns (FWHM) and an energy of 3.5 and 10 J, respectively. Figure 8 shows a photograph of the forth laser (Photon-4). The laser consists of the Arkad'ev-Marx generator (high-voltage generator), vacuum diode, laser chamber, gas-filling and evacuation system, and electric control panel. The vacuum diode and the generator that serves as its power supply are placed in a single case. Thus, vacuum insulation of the high-voltage components is realized in the high-voltage generator. This design makes it possible to minimize the inductance of the power-supply circuit of the vacuum diode, as well as the accelerator size and weight. The high-voltage generator has three parallel branches that make it possible to minimize the inductance and the erosion of the gap electrodes. In each branch, the spark-gap space is filled with dry air mixed with SF 6 . The capacitance of each stage in one branch is 0.18 nF. The accelerator is started with a controlled gap switched to a high-voltage cable connected to the high-voltage generator. The gap is activated by a high-voltage pulse of the thyratron generator. The vacuum-diode cathodes with a total length of 110 cm are mounted on a holder fixed on the upper stage of the high-voltage generator. The laser chamber that serves as the anode is located in between the cathodes in the center of the vacuum diode. The inner diameter of the laser chamber is 25 cm. At the entire length, the chamber is attached to the diode housing with a metal plate. The plate facilitates the current flow and decreases the electron beam loss owing to the effect of the self-magnetic field. In the absence of the plate, when the current is closed only on the ends of the gas chamber, the loss may amount to 50%. Velvet serves as the electron emitter on the cathodes of the vacuum diode. The width of the anode-cathode gap is 7 cm. Thus, four radially converging beams formed in the diode are injected into the laser chamber through eight windows (two windows in a row with a total length of 120 cm). Each vacuum-sealed window is closed with a 40-μm-thick titanium foil attached to a metal grid. The residual gas pressure in the case that accommodates the high-voltage generator and the vacuum diode is 5 × 10 −5 torr.
Electron beam-pumped lasers
At a charging voltage of 85 kV, the voltage pulse formed by the generator across the diode has a duration of 1000 ns, an amplitude of 480 kV, and a total current of 74 kA. The electron beam generated in the diode provides for a relatively homogeneous excitation of the laser mixture.
The plane-parallel plates, which have a diameter of 300 mm and are made of fused quartz, serve as the windows of the laser chamber. In the lasing mode, the laser cavity is formed by the Al-coated external mirror and the window of the laser chamber.
The laser mixture consists of argon, xenon, and HCl. For the mixture Ar:Xe:HCl = 760:20:1 with a pressure of 2 atm, the radiation pulse energy amounts to 120 J at a charging voltage of 85 kV. The FWHM of the laser pulse is about 250 ns. Figure 9 shows the exterior view of the Photon-5 laser. The laser gas mixture is excited by a radially converging electron beam from six directions [8] . The beam is generated in a vacuum diode that contains 18 cathodes. The cathode profile is chosen in accordance with the results of the numerical calculations of the beam parameters using the original 2D code. The emitting cathode surface is made of carbotextim (graphite-fiber material with a resistivity of about [5- . The interelectrode gap between the emitting surface and the supporting structure of the outcoupling window is 6 cm. The supporting structure contains 18 windows (three windows in a row with a total length of 150 cm). The geometrical transparency of the beam outcoupling system is about 75%. The beam is outcoupled to the laser chamber through the Ti foil with a thickness of 40 μm. The laser cell diameter is 41 cm and the cell volume is 200 l.
The voltage pulse across the diode is generated using two paralleled linear transformers with the vacuum insulation of the secondary coil. Each of the transformers consists of ten stages, and each of the stages consists of eight IK-100-0.17 capacitors (100 kV, 17 μF, and 50 nH). The output power of the stage is about 12 GW. The voltage is fed to the diode (the cathode collector) with vacuum lines that serve as the secondary coils of the transformer. The diameter of the diode vacuum chamber is 131 cm and its length is 210 cm. The collector is suspended coaxially to the vacuum chamber on two springs in the upper part of the chamber. The vacuum chamber is evacuated using two AVDM-250 vacuum devices with liquid-nitrogen traps to a residual pressure in the diode of (3-4) × 10 −5 torr.
At a charging voltage of 85 kV, the amplitude of the voltage pulse across the vacuum diode amounts to 550 kV. In this case, the total current (the sum of two currents) is 320 kA, and the energy transferred from the transformer to the diode is 87 kJ. At a charging voltage of 80 kV, the voltage across the vacuum diode is 440 kV, the total current is 290 kA, and the energy transferred to the diode is 78 kJ. The energy input to the gas increases when the pressure increases to 2.5 atm. Then, the energy input remains virtually unchanged when the pressure increases to 3.5 atm. The maximum energy input to the gas from the electron beam is about 19 kJ. The efficiency of the energy transfer from the primary storage to the gas is about 19%. This result is close to the value realized in conventional accelerators with water lines [1] [2] [3] .
Plane-parallel plates with a diameter of 400 mm made of fused quartz serve as the windows of the laser chamber. This laser is tested in lasing mode with the cavity formed by the Al-coated plane mirror and the laser chamber window. For the mixture Ar:Xe:HCl = 760:20:1 with a pressure of 2 atm, the radiation pulse energy amounts to 660 J at a charging voltage of 85 kV [8] . The radiation pulse FWHM is about 350 ns. The heterogeneity of the radiation energy density distribution over the cross section of the laser beam is less than 10%. High Power Laser Systems 14 Figure 10 demonstrates the block diagram of the synchronization and starting system that is used to synchronize the setups. The laser system is controlled with a PC that is interfaced with a synchronization pulse generator producing voltage pulses with an amplitude of 600 V and a variable interpulse delay. These pulses are used to start four thyratron generators and the magneticbias generator of the Photon-5 laser. The last generator produces two bias pulses that are fed to the linear transformers to premagnetize the transformer cores in the appropriate direction. The thyratron generators produce negative voltage pulses with an amplitude of about 20 kV. These pulses are fed to the spark gaps of the Photon-1, Photon-2, and Photon-3 lasers and to the inputs of the generators of the Photon-4 and Photon-5 lasers. Both generators produce negative pulses with an amplitude of about 85 kV, which are used to trigger the rail gaps of the Photon-2 and Photon-3 lasers and to start the Photon-4 laser. These pulses are also fed to the inputs of the trigger generators G-1 and G-2. The trigger generators produce 40 negative pulses with an amplitude of 85 kV that activate the gaps of the transformer stages of the Photon-5 laser. In addition, the PC controls the on-off switching of the capacitive storage charging in all of the lasers with allowance for the particular charging times, so that the storages are charged simultaneously.
Laser system
Thus, at the first stage of the laser system's operation, the storage capacitors of all of the lasers are charged. Then, the starting pulse is fed to the magnetic-bias generator of the Photon-5 laser and a certain sequence of the starting pulses is fed to the thyratron generators of the Photon-1, Photon-2, Photon-3, and Photon-4 lasers. Thus, we activate the system as a whole. Table 2 . Parameters of the radiation of the photon lasers.
In the laser system, the Photon-2, Photon-3, Photon-4, and Photon-5 lasers start working as slave amplifiers. In this case, the windows of all of the laser chambers are tilted at angles providing for the absence of feedback. The Photon-1 laser serves as the master oscillator [34] . Its optical scheme makes it possible to generate a high-quality beam in a certain part of the active volume and to amplify this beam in the remaining part. To improve the spatial structure of the radiation, we employ two pinholes with a diameter of 2 mm. In this case, the Fresnel number is N ~ 2 for a cavity with a length of 1.5 m. The spectral selection is realized with an auto-collimation diffraction grating (1800 mm −1 ). The feedback in the cavity is maintained via the first diffraction order. To decrease the contribution of the noise component to the output radiation, we outcouple the laser beam through a semitransparent mirror with a reflectance of R = 30%. Then, the low-power high-quality radiation of the master laser is additionally amplified at two passes in the same active medium, so that the output beam diameter increases to 7 mm. The output pulse of the Photon-1 laser has an energy of 50 mJ, a duration of 250 ns, and a spectral line width of 0.9 cm −1 . The divergence of the laser beam, which contains 80% of the energy (0.13 mrad), is greater than the diffraction-limited divergence by a factor of 1.2.
This beam is expanded using a lens telescope with a magnification of M = 1.5 to match the beam diameter with the sizes of the active media of the Photon-2 and Photon-3 lasers. The beam is amplified at three passes in the Photon-2 laser and one pass in the Photon-3 laser. The output beam diameters of these lasers are 3 and 6 cm, respectively. For further matching of the beam diameter with the sizes of the active media of the Photon-4 and Photon-5 lasers, we employ a lens telescope with a fivefold magnification. After the beam expansion, the radiation is amplified at one pass in the active medium of the Photon-4 laser and at one or two passes in the active medium of the Photon-5 laser. Table 2 summarizes the experimental results for the laser system. The maximum energy (330 J) is obtained in the case of the single-pass amplification in the Photon-5 laser when the ASE flux and the absorption in the active medium are minimized. In the case of double pass amplification, both the absorption and the ASE contribution increase (the ASE intensity increases owing to the reflection from the rear mirror with R = 99%). This leads to a decrease in the energy of the amplified radiation to a level of 250 J.
The spectral and spatial parameters of the radiation are measured only for the first three setups (Photon-1, Photon-2, and Photon-3). The divergence is measured using the spot size in the focal plane of a lens with a focal length of F = 13.5 m. The line width is measured with the Fabry-Perot interferometer. In both cases, the radiation intensity distribution is detected by a CCD array. The spectral measurements show that the line width remains unchanged (0.9 cm −1 ) after the amplification. In general, the divergence of the amplified radiation decreases with an increase in the beam diameter. However, the divergence is slightly greater than the diffraction-limited divergence due to the distortions in the active medium and the optical path. Figure 11 shows the dependence of the output energy of the main amplifier on the input energy upon the double-pass amplification. The input energy is measured when one of the amplifiers (Photon-3 or Photon-4) is switched off. It is seen that the Photon-5 amplifier is saturated only when all of the amplifiers are switched on. In this case, the gain is about 10. The laser beam spot on photosensitive paper exhibits a relatively homogeneous distribution and a minor contribution of the diffraction rings related to the heterogeneities in the optical path.
This indicates a high spatial coherence of the output radiation.
Laser system THL-100
Femtosecond pulse generator
The femtosecond pulse generator (front-end) of laser system consists of a femtosecond Ti:sapphire master oscillator, regenerative and multipass amplifiers, a pulse stretcher and a pulse compressor, and generator of second harmonic. It operates at a pulse repetition rate of 10 Hz and in a single pulse mode. Output energy of front-end is up to 5 mJ at 475 nm.
Transform-limited pulse duration is 50 fs. 
Photodissociation excimer XeF(C-A) amplifier
XeF(C-A) amplifier and its schematic cross section are shown in Figures 12 and 13 , respectively. It consists of two high-voltage pulse generators, a vacuum chamber with six electron cathodes, a xenon gas chamber, and a laser cell. For multipass laser beam amplification, the laser cell has a mirror unit (32 mirrors).
Two high-voltage pulse generators are line transformers, which have twelve transformer stages. Each stage has 320 nF capacitors and multigap spark switch. A secondary turn of the transformer is a vacuum coaxial line, which is connected with an e-beam diode. The diode has six explosive emission cathodes (flock-coated metal). The anode of vacuum diode is 45 cm-dia gas chamber closed by 40-μm-thick titanium foil (Figure 14) . The vacuum diode forms six radially converging electron beams, each of 15 × 100 cm 2 area, that are injected into gas chamber filled by xenon at a 3 atm pressure. The capacitors of each stage can be charged up to 90-100 kV.
At charge voltage of 95 kV, the energy stored in the capacitor of a line transformer is 34.6 kJ, the energy of electron beam in the vacuum diode is 21 kJ, and the energy delivered to the gas chamber is 7 kJ. E-beam in the vacuum diode has following parameters: peak voltage of 550 kV, peak current of 200 kA, and current pulse duration of 150 ns (FWHM). The electron beam is injected into the gas chamber and one almost completely is absorbed by xenon at its thickness of 8 cm. An efficiency of the electron beam energy converting to VUV radiation of Xe 2 * excimers is 30-40% [27] .
The laser cell (Figure 15) is housed into the gas chamber along its axis and contains a gas mixture of XeF 2 and high-purity nitrogen at partial pressures of 0.2-0.4 and 190-380 torr, respectively. The active medium of amplifier on XeF(C-A) molecules is excited by the VUV radiation (172 nm) due to photodissociation of XeF 2 molecules with the XeF(B) molecules formation. The A high-purity xenon (99.9997%) was supplied to the gas chamber to provide maximum efficiency of the e-beam to VUV radiation conversion. The chamber preliminary evacuated to a pressure of 10
torr. During operation of the amplifier, the intensity of xenon VUV radiation gradually decreased due to outgassing from the stainless steel walls of the gas chamber, exposed to the electron beam. Xenon was circulated through a Sircal MP-2000 purifier to support the gas purity recovery.
In our experiments, the mixture in the laser cell was replaced after each shot, because repeated pumping of the mixture decreased the output energy by 20-30%.
Measurement procedures
The laser beam of front-end was amplified in the XeF(C-A) amplifier in a multipass optical scheme (33 passes) formed by 32 round mirrors increasing in diameter. The mirrors with a reflectivity of 99.7% were fixed along the perimeter of the intracell flanges of the laser cell. A divergent laser beam is injected into the laser cell, so that it expands in diameter from 2 cm at the inlet to 6 cm after 32 passes. When traveling between the mirrors, the beam makes two circular rounds in the laser cell. The penultimate convex mirror directs the beam to a flat 10 cmdiameter mirror located on the optical axis of the laser cell. A reflected beam propagates along the optical axis and is ejected from the laser cell with a diameter of 12 cm.
Input in the XeF(C-A) amplifier laser pulse was preliminary stretched up to 1 ps in a prism stretcher with negative group-velocity dispersion. The amplified negatively chirped laser pulse was expanded up to 20 cm and then one was collimated and compressed in three fused silica plates of 4 cm thickness at a Brewster angle on two passages. The energy loss in the compressor was about 2%. For measurement of the amplified pulse duration, the 90 mm-dia central part of the beam was attenuated by two wedges and focused by a 12-m focal length spherical mirror into a 0.25 mm-dia aperture placed in front of an ASF-20-480 single-shot autocorrelator. The sech 2 function was used in autocorrelator to fit the temporal intensity profile. 
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The energies of the e-beams in the converter and VUV radiation in the laser chamber were measured by TPI-2-7 calorimeter. The output energy ща XeF(C-A) amplifier was measured with an OPHIR energy meter placed in the output beam, which was attenuated with a fused silica wedge and focused to a spot of 2.5 cm. The part of the beam passed through the wedge plate was used to record an image of laser beam on a photographic paper. The small signal gain of active medium was measured using a Sapphire-488 CW semiconductor laser after four passes of its probe beam through the active medium. This laser emits at 488 nm wavelength coinciding with the amplification band maximum of the XeF(C-A) transition.
Experimental results
First of all, the VUV radiation energy transmitted through the CaF 2 windows into the laser cell was measured. Its value was 240-260 J. In view of the quantum efficiency of laser transition and 100% quantum yield of XeF(C) state production, the integral value of the energy stored in the active medium is ~ 90 J. In actuality, the actual lifetime of the XeF(C) state, which is determined by radiative decay and quenching, is much shorter than the pump pulse width. This makes the maximum current value of the energy stored on the XeF(C-A) transition 10 times less than the integral value.
The time profile of the small-signal gain near the CaF 2 windows is shown in Figure 16 . These results correlate well with those found in the experiments on femtosecond pulse amplification. As can be seen in the Figure 16 , the maximum gain is 0.004 cm The small-signal gain distribution over the active medium cross section, measured at different XeF 2 vapor pressures, is shown in Figure 17 . These measurements show that decreasing the vapor pressure enhances the gain distribution uniformity, but at the same time, it greatly decreases the gain near the pump windows. Final optimization of the gas mixture composition was made by achieving the maximum output energy of the amplified picosecond pulse in the real multipass amplification scheme. The maximum output energy was obtained for a XeF 2 vapor pressure of 0.2-0.25 torr.
In our experiments, the seed pulse energy varied from 0.04 to 2 mJ. At an input energy of 0.04 mJ, the gain of active medium is far from saturation. The total gain factor was 2.5 × 10 3 by 100 mJ output energy. The total gain factor was reduced down to 5 × 10 2 under near-saturation conditions at a seed pulse energy of 2 mJ. In this case, the output energy was 1 J. The shot-to-shot fluctuations in the output pulse energy were within 10%. An imprint of the output laser beam on a photographic paper is shown in Figure 18 .
The ASE power of the XeF(C-A) amplifier with seed pulse blocked was measured for an estimation of the contrast ratio. It was 1 W within an angle of 0.2 mrad, which is close to the output beam divergence angle. Thus, the temporal contrast ratio between the output laser peak and background ASE was ~ 10
13
. It means that the real contrast of output beam is determined by the seed pulse temporal contrast, which is usually ~ 10 10 at the second harmonic frequency [39] .
After compression, the pulse duration was measured both with and without amplification in active medium. In both cases, the pulse duration was 50-60 fs inferred assuming sech 2 pulseshape. The output beam energy was 0.5-0.7 J in these experiments. The autocorrelation function for the compressed pulse at 0.7 J output energy, which corresponds to 50 fs pulse duration, is shown in Figure 19 . This result gives the peak power ~ 14 TW. According to literature data, the highest power of femtosecond pulses in the visible spectrum was attained earlier upon nonlinear conversion to the second harmonic in a Ti:sapphire laser [39] and upon direct amplification of 250-fs pulses in an electron beam-excited XeF(C-A) amplifier [40] . These values (4 TW and 1 TW, correspondingly) are far below the power attained in the present work.
Conclusions
Three wide-aperture excimer laser systems created at HCEI were presented. The schemes of small powerful lasers pumped by electric discharge and electron beam were analyzed. It was shown that electron beam-pumped lasers are more efficient for long laser pulse duration (300 ns and more). The formation results of a high-quality and high-power radiation in UV and visible range were reported.
Based on the experimental data, we demonstrated that diffraction-limited laser beams with a large cross section can be amplified in the gas laser system. It was shown that the divergence of amplified UV beam was close to the diffraction-limited beam when its diameter was no greater than 5 cm. But the divergence increased with a further increase of diameter. The wave-front distortions on the turbulent flows in the laser mixture and air were the main reason for it. The minimum divergence of the laser beam 10 μrad was obtained. The pulse energy of the amplified UV radiation at a wavelength of 308 nm with 250 ns pulse duration was 330 J.
The output energy of 1 J was reached in the first pilot experiments of amplification of downchirped 1 ps pulses in femtosecond hybrid laser system THL-100. At the output energy of 0.7 J, the recompression of the amplified pulses in bulk fused silica to the initial duration of 50 fs was realized. This means that a record-breaking peak power ~ 14 TW in the visible spectrum has been attained. 
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